Enveloped viruses utilize fusion (F) proteins studding the surface of the virus to facilitate membrane fusion with a target cell membrane. Fusion of the viral envelope with a cellular membrane is required for release of viral genomic material, so the virus can ultimately reproduce and spread. To drive fusion, the F protein undergoes an irreversible conformational change, transitioning from a metastable pre-fusion conformation to a more thermodynamically stable post-fusion structure. Understanding the elements that control stability of the pre-fusion state and triggering to the post-fusion conformation is important for understanding F protein function. Mutations in F protein transmembrane (TM) domains implicated the TM domain in the fusion process, but the structural and molecular details in fusion remain unclear. Previously, analytical ultracentrifugation was utilized to demonstrate that isolated TM domains of Hendra virus F protein associate in a monomer-trimer equilibrium (Smith, E. C., Smith, S. E., Carter, J. R., Webb, S. R., Gibson, K. M., Hellman, L. M., Fried, M. G., and Dutch, R. E. (2013) J. Biol. Chem. 288, 35726 -35735). To determine factors driving this association, 140 paramyxovirus F protein TM domain sequences were analyzed. A heptad repeat of ␤-branched residues was found, and analysis of the Hendra virus F TM domain revealed a heptad repeat leucine-isoleucine zipper motif (LIZ). Replacement of the LIZ with alanine resulted in dramatically reduced TM-TM association. Mutation of the LIZ in the whole protein resulted in decreased protein stability, including prefusion conformation stability. Together, our data suggest that the heptad repeat LIZ contributed to TM-TM association and is important for F protein function and pre-fusion stability.
proteins to promote the vital steps of attachment and membrane fusion. Membrane fusion of the viral envelope and target cell membrane, a critical early step in infection, is driven by large conformational changes in surface viral fusion (F) proteins. The paramyxovirus F protein is a prototypic class I fusion protein that is initially synthesized as a homotrimer in a metastable pre-fusion conformation (1) . The Hendra and Nipah virus F proteins are synthesized in the secretory pathway, trafficked to the plasma membrane, endocytosed for cleavage, and trafficked back to the cell surface in the fusogenically active conformation, F 1 ϩ F 2 (2) . Through this entire process, the F protein must maintain the pre-fusion conformation. Upon triggering, the F protein irreversibly folds into a post-fusion conformation, a change that includes dramatic rearrangement of the ectodomain. Stabilization of the pre-fusion conformation is critical for viral stability and function, because premature triggering would result in a fusion dead viral particle. Understanding factors that control the stability of the pre-fusion conformation therefore would provide an avenue for disrupting viral membrane fusion.
To obtain the pre-fusion structure of the paramyxovirus parainfluenza virus 5 (PIV5) F protein, a trimeric coiled coil was engineered and added to the soluble portion of the fusion protein. Without the coiled coil, the PIV5 F protein could only be crystallized in the post-fusion conformation. This suggests that the F protein requires a domain to pin the protein in its prefusion conformation, implicating the TM domain in pre-fusion protein stability (3) . A recent study found that soluble HIV gp41 trimers, another class I fusion protein, could only be produced when the trimerization tag, foldon, was added to the protein (4) . TM domains of viral F proteins have historically been characterized solely as membrane anchors. However, recent studies have shown that changes in length or single point mutations in the TM domain can result in modulation of class I, II, and III viral fusion protein expression and activity (5) (6) (7) (8) (9) (10) . Despite these studies, the mechanism by which these mutations alter F protein activity and function remains unclear. Although the TM domain of these proteins appears to be important, few studies have directly analyzed TM-TM interactions, which is likely a result of the difficulty of working with such hydrophobic domains. One study utilized NMR to demonstrate that the HIV gp41 TM domain forms a trimer in bicelles, further implicating the importance of TM-TM interactions (11) . Additionally, TM-TM interactions have been shown to be important in several biological systems, including signaling processes mediated by receptor tyrosine kinases, so understanding factors that affect TM-TM interactions could be implicated beyond viral membrane proteins (12) (13) (14) .
A critical role for the TM domain in stability of the pre-fusion form was recently proposed for the herpes simplex virus gB (15) , and several studies support the concept that viral fusion protein TM domains can self-associate, although the TM domain oligomeric form could not be determined with the assays utilized (16 -18) . Previously, our group utilized sedimentation equilibrium analytical ultracentrifugation to directly assess isolated TM-TM interactions. We were the first to demonstrate that paramyxovirus F protein TM domains self-associate in monomer-trimer equilibrium in the absence of the rest of the protein (19) . Molecular dynamic simulations of influenza virus HA and HIV envelope glycoprotein TM domains support trimeric interactions, suggesting that stabilizing trimeric TM domain interactions may be characteristic of many viral fusion proteins (16, 20) . Here, we analyzed the sequences of 140 TM domains from 19 paramyxovirus species and identified the presence of a ␤-branched residue heptad repeat. To understand what drives TM interactions in the Hendra virus F protein, the TM domain sequence was analyzed for association motifs; a heptad repeat leucine-isoleucine zipper (LIZ) was found inframe with the upstream leucine zipper in the heptad repeat B (HRB) domain. Studies have previously shown that a LIZ motif can promote protein oligomerization in soluble proteins and more recently in hydrophobic environments (21, 22) . Mutagenesis indicated that the HeV F LIZ is important for TM-TM interactions, as well as overall protein expression and stability. More specifically, mutation of the F protein LIZ motif resulted in reduced stability of the pre-fusion conformation of HeV F, suggesting that TM-TM interactions are important contributors to pre-fusion F protein stability. Together, our results suggest that disruption of HeV F TM-TM interactions affects the pre-fusion conformation of F and contributes to the F protein triggering process that is required to drive membrane fusion.
Results

Identification and oligomeric analysis of a L/I zipper in the HeV F TM domain
To further define elements that drive TM-TM interactions in Hendra F, we analyzed the TM domain sequence for motifs involved in protein-protein association and identified a heptad repeat leucine-isoleucine zipper that continued through the TM domain in-frame with the leucine zipper of the upstream HRB domain (Fig. 1A ). Previous studies have demonstrated that L/I zippers can mediate protein-protein interactions in soluble proteins via hydrophobic collapse (21, (23) (24) (25) . This motif was also found to contribute to protein interactions in a membrane environment via a knob in hole packing mechanism (22, 26) . To determine whether this motif could be involved in TM-TM association in other viruses, the sequences of 140 paramyxovirus F proteins were analyzed for amino acid frequency in the predicted TM domain (supplemental Fig. S2 ). This analysis was composed of 19 unique viruses with multiple strains of each, representing each paramyxovirus genus except Respirovirus (supplemental Table S1 ). The predicted TM domains were aligned to look for a specific pattern related to a leucine-isoleucine zipper. Upon examination, a heptad repeat of ␤-branched residues (isoleucine, valine, and threonine), which also included leucine, was identified ( Fig. 1B and supplemental Table S2 ). This suggests that a heptad repeat, such as a L/I zipper, may be important for the TM domain across the viral family. To determine whether the predicted L/I zipper in the Hendra F TM domain contributed to TM-TM association, site-directed mutagenesis was used to replace the four L/I residues (Leu-488 ϩ Ile-495 ϩ Ile-502 ϩ Leu-509) with alanine resulting in a four point mutant, LIZ 4A. To directly analyze TM-TM interactions, we utilized chimeric proteins containing staphylococcal nuclease (SN) protein linked to the TM domain of interest and analytical ultracentrifugation, as previously described (19) . Samples of the wild-type SN-TM and LIZ 4A SN-TM were brought to sedimentation equilibrium in a Beckman XL-A analytical ultracentrifuge, and the radial absorbance data were obtained at 20,000, 25,000, and 30,000 rpm. The data were subjected to non-linear least squares fitting with equations modeling monomer and monomer-trimer sedimentation equilibria, as well as residual plotting with Kaleida-Graph. Consistent with previous results, the data for the chimeric WT protein fit with a monomer-trimer equilibrium ( Fig.  2A , blue), as determined by residual plotting (7, 19) . Additional curve fits were analyzed, such as a single species monomer ( Fig.  2A , red line) but were a poor fit to the absorbance points. The chimeric LIZ 4A protein also demonstrated a best fit to a shallow monomer-trimer equilibrium curve ( Fig. 2B) . When fit to a multispecies system (monomer-Nmer), the oligomeric state of the second species for both WT and LIZ 4A was found to be trimeric. The data points for LIZ 4A exhibited a shift in absorbance toward a smaller radial position, suggesting a shift in equilibrium toward a much larger population of monomeric protein when compared with WT. To further confirm this shift in equilibrium for the LIZ 4A chimeric protein, an absorbancebased apparent dissociation constant was calculated for WT and LIZ 4A. When normalized to WT at each spin speed, the LIZ 4A mutant displayed an approximately 1000-fold decrease in association constant, suggesting weaker TM-TM interactions (Table 1) . These results implicate the predicted L/I zipper motif in TM-TM association for the HeV F TM domain.
Mutation of the TM domain L/I zipper alters overall protein expression and fusion activity
The analytical ultracentrifugation data suggested a shift in equilibrium upon mutation of the L/I zipper motif in the isolated TM domain, consistent with reduction in TM-TM association. To determine how these mutations affected expression, intracellular transport, and function, the LIZ 4A mutant protein was analyzed for total and surface expression by cell surface biotinylation. The trafficking and cleavage pathway of the F protein ultimately results in a homotrimer that is composed of the F 1 and F 2 fragments. The F 2 fragment is small in size, so F 1 is used to detect the cleaved, active form of F. When compared with the WT F protein, the LIZ 4A F protein exhibited a dramatic reduction in total protein expression, as indicated by the reduction in F 1 detectable (Fig. 3A) . A reduction in protein expression of LIZ 4A F at the cell surface was also observed ( Fig.  3B ), which could potentially affect membrane fusion. The presence of cleaved F protein on the cell surface was used as a measure of whether the F protein was properly trafficked. To test fusion activity, a syncytia assay was performed in which F and the attachment protein (G) were transiently transfected into cells, and the cells were visualized for the presence of syncytia (indicated by white arrows in Fig. 4 ). The LIZ 4A F protein exhibited a striking reduction in fusion index, a measure used to quantify fusion activity, with levels comparable with the mock control ( Fig. 4 ). The complete loss of fusion activity exhibited by the LIZ 4A F protein indicated that the L/I zipper may contribute to overall protein stability or alter pre-fusion conformation stability. In addition, the single point mutants L488A, I495A, I502A, and L509A were examined to determine the effect each had on the F protein. The single point mutants L488A, I495A, and I502A exhibited a moderate reduction in total protein expression compared with the WT F protein (Fig.  3A) . To determine the effect these mutations had on membrane fusion, syncytia formation assays were performed. Each of the single point mutants displayed a moderate to WT level fusion index ( Fig. 4, A and B) . The single point mutant L509A presented with a large reduction in total and cell surface protein expression levels, similar to that of LIZ 4A (Fig. 3B ). Interestingly, although LIZ 4A F and L509A F had comparable reduction in total and surface expression, LIZ 4A exhibited a fusion index at background levels, whereas the L509A fusion index was only moderately reduced ( Fig. 4B ). Although there was a reduction in expression levels, L509A had more fusogenically active F than the LIZ 4A mutant, which would enable L509A to drive fusion, unlike LIZ 4A ( Fig. 3D ). A small shift in molecular weight for the LIZ 4A and L509A constructs was observed. This may be the result of altered glycosylation, because it has been shown previously that there is a glycosylation site at residue Asn-464. The change in TM-TM interactions may affect the glycosylation state or glycosylation modification of this upstream residue (28) . Previously, it was shown that there is a correlation between cell surface expression and fusogenicity (29) . The surface expression of LIZ 4A was ϳ50% of WT; however, the level of fusion activity was reduced to near background levels. This deviation suggested that LIZ 4A may be affecting overall protein stability. These results suggest that even when individual mutations have an impact on protein expression, it was the mutation of the four L/I zipper residues that caused a complete loss of F protein fusogenic activity.
Mutation of the TM domain L/I zipper affects stability of the full-length F protein
The HeV F protein is trafficked through the secretory pathway and must then undergo a unique trafficking pathway through recycling endosomes for processing to the fusogenically active form of F by cathepsin L (2). The F protein is synthesized in the endoplasmic reticulum as an inactive trimer (F o ), trafficked to the plasma membrane, endocytosed, and cleaved to the fusogenically active form of F (F 1 ϩ F 2 ). After cleavage, the active form of F must then be trafficked back to the plasma membrane (30) . With this complicated trafficking pathway, the F protein must be stable over time so that it can ulti-mately arrive at the plasma membrane in its active, cleaved form. To test whether the LIZ 4A TM mutation affected the stability of the F protein over time, a pulse-chase experiment was performed with various time points analyzed up to 24 h post-transfection ( Fig. 5 ). The WT HeV F protein displayed stability over a 24-h time period. At early time points (0 -1 h), the F protein was detected as the inactive uncleaved form, F o . Expression levels increased from the 0-h time point. This is likely because the C-tail antibody does not recognize partially synthesized protein at the 0-h time point. Between the 2-and 4-h time points, the F protein was detected in both the uncleaved and cleaved forms, suggesting proper trafficking and cleavage of the F protein. Ultimately at the final time points, only the cleaved, fusogenically active form of WT F was present ( Fig. 5A ). Interestingly, the initial level of LIZ 4A F protein expression at the early time points (0 and 0.5 h) were compara- Table 1 Best fit model and relative apparent association constant (K a ) for purified SN-TM constructs Analysis was performed at three different speeds. The data are shown for monomer and monomer-trimer curve fits. Based on 2 and residual fitting, the monomer-trimer curve fit was most appropriate for WT and LIZ 4A. The relative apparent association constant (K a ) is normalized to the WT SN-TM construct for each spin. ble with that of WT, but quickly protein levels began to diminish over the later time points. The remaining LIZ 4A HeV F protein was processed as expected, but by 1 h post-transfection, a decrease in expression was evident compared with the WT F protein. At 24 h post-transfection, there was almost no detectable amount of LIZ 4A F present. Band density quantification showed the progressive loss of LIZ 4A F over time (Fig. 5B ). The reduction in LIZ 4A F protein did not appear to be a result of reduced protein synthesis but could be attributed to overall misfolding of the protein, resulting in targeting for degradation, or to premature triggering of F to its post-fusion conformation. It has been suggested previously that prematurely triggered F protein is more susceptible to degradation, which could explain the reduction in LIZ 4A F detection (31) .
Pre-fusion F protein stability is reduced with LIZ 4A mutation
To obtain crystal structures of the pre-fusion conformation of several viral F proteins, including PIV5 F, HeV F, and respiratory syncytial virus F, trimeric tags were engineered onto the protein to prevent triggering to the post-fusion conformation (3, 4, 32, 33) . This suggested that the F protein may require TM-TM association to maintain the pre-fusion conformation, until an appropriate event occurs to promote triggering to the post-fusion conformation. The LIZ 4A F protein was utilized to determine whether reduction in TM-TM association affected F protein triggering. Other groups have previously shown that changes in thermal conditions can promote triggering of the F protein (34 -36) . Based on the thermal triggering property of F, a novel assay was developed to test pre-fusion F protein stability. After cells were transfected to express the F protein, they were either maintained at 37°C or exposed to an elevated temperature of 55°C for a brief period. After heat exposure, the cells expressing the WT F protein or LIZ 4A mutant were then quickly cooled to prevent further conformational changes and incubated with an antibody, mAb 5B3, that was specific to the pre-fusion conformation of HeV F. This allowed for immunocapture of the population of F that remained in the pre-fusion conformation on the surface of the cell, thus representing the population that would drive membrane fusion. The cells were then lysed and processed to determine the amount of F protein in the pre-fusion conformation. The WT HeV F protein was only minimally susceptible to thermal triggering at 55°C, because only ϳ15% of the WT protein triggered at this temperature (Fig. 6A) . In contrast, the LIZ 4A F protein exhibited a dramatic reduction in pre-fusion F detectable, corresponding to ϳ60% of the expressed protein triggered (Fig. 6B) . Additional experiments were performed with the WT HeV F protein at higher temperatures of 60°C, at which the majority of the WT HeV F protein surface population triggered to the post-fusion conformation (supplemental Fig. S1 ). The susceptibility of LIZ 4A F to trigger at temperatures lower than the WT HeV F sug- A, a pulse-chase experiment was performed to monitor WT F or LIZ 4A F protein expression and processing. After a 30-min metabolic label, samples were taken at various time points, immunoprecipitated, analyzed on a 15% SDS-PAGE, and exposed to a Phosphor screen for imaging. B, quantification of F 0 ϩ F 1 was determined by densitometry and normalized to the 0 time point for each construct. The average represents three independent experiments Ϯ standard deviation. The Student's t test was used to determine significance between WT F and LIZ 4A time points. *, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.0005. Figure 6 . LIZ 4A F triggered more readily than WT F at 55°C. A, Vero cells were transfected with WT or LIZ 4A F, thermally treated, and then antibody specific to the pre-fusion conformation of F (mAb 5B3) was directly added to cells. Immunoprecipitation was performed followed by Western blot analysis, probing for the F protein with mAb 5G7. Thermal triggering was performed at 55°C for both constructs. B, quantification was determined via band densitometry, normalized to 37°C for each construct, and reported as the percentage of triggered [100 * (1 Ϫ (F expression at 55°C/F expression at 37°C))]. The results represent three independent experiments. **, p Ͻ 0.005.
gested that TM-TM association may contribute to pre-fusion stability of the F protein, with a shift in TM-TM association equilibrium resulting in a dramatic effect on the stability of the pre-fusion conformation.
Discussion
Although paramyxovirus F proteins have been studied extensively, the factors driving pre-fusion stability remain unclear. Upon triggering, the F protein undergoes a dramatic conformational change, refolding to the post-fusion conformation (Fig.  7) . This large, irreversible change in conformation drives membrane fusion between the viral and cellular membranes, a critical event in the viral life cycle. It has been shown that peptides that prevent conformational changes can be used as a therapeutic treatment, as in the case of enfuvirtide for targeting of HIV gp41 (37) . Maintenance of the pre-fusion state of the F protein is necessary until the F protein is in the appropriate location to drive membrane fusion. Stabilization of the pre-fusion conformation is therefore critical for viral stability and function.
Although the pre-fusion structure for several viral fusion proteins has been obtained, including Nipah virus F, HeV F, HIV env, and the human coronavirus HKU1 spike protein, the structure of each required modification with a trimeric tag, such as foldon or GCNt (4, 33, 38, 39) . TM domains of viral F proteins have historically been considered to act primarily as membrane anchors, but these structural studies suggest that the TM domain may be important for pre-fusion F stability, because the soluble trimeric tags mimic the proposed function of the TM domain. Previously, we have shown that several paramyxovirus F protein TM domains associate in a monomertrimer equilibrium in the absence of the rest of the protein (19) . In addition, replacement of F protein TM domains with foreign TM sequences, including a polyleucine stretch, can result in folding defects (40 -42) . The TM domain of the measles virus F protein was found to modulate fusion activity by altering F protein interaction with its receptor binding protein, hemagglutinin (10) . These studies suggest that the TM domain sequence and TM-TM interactions are specific and important for the stability of the F protein. Results from the data presented here further support the importance of the TM domain in F protein function and suggest that TM-TM interactions are important for HeV F protein stability and function. More importantly, these results demonstrate the significance of TM-TM association in the stability of the pre-fusion conformation of F, a critical point of control for viral membrane fusion.
A L/I zipper was identified in the TM domain of HeV F inframe with the upstream heptad repeat B domain. Here, sedimentation equilibrium analytical ultracentrifugation demonstrated that mutation of the L/I zipper motif resulted in reduced TM-TM association when the TM domain was studied in isolation. Previously, motifs responsible for TM-TM association in cellular transmembrane proteins include the GXXXG motif, polar amino acids, Ser/Thr clusters, and QXXS motifs. The GXXXG motif has been suggested to promote TM-TM interactions in the HIV env protein (43) (44) (45) . Identification of an L/I zipper motif is a novel association motif for viral F protein TM domains (23) . The sequence analysis of 140 paramyxoviruses revealed a heptad pattern of ␤-branched residues, suggesting that TM association motifs may be more flexible than a strictly leucine/isoleucine zipper. Mutation of the L/I zipper also resulted in alteration of overall protein stability and fusion activity, suggesting that TM-TM interactions are important for proper F protein function. The mutation of the entire L/I zipper dramatically reduced transient protein expression levels and abolished fusion activity and overall protein stability as demonstrated via pulse-chase experiments. The L/I zipper and similar motifs could also be involved in TM-TM association of other class I viral fusion proteins, but there may be multiple motifs within a single TM domain that maintain TM-TM association.
Considering the requirement of a trimerization tag for crystallization of several paramyxovirus F proteins in the pre-fusion conformation, it is reasonable to predict that TM-TM interactions are involved in maintaining pre-fusion F protein stability. Various groups have previously shown that thermal treatment can be utilized to trigger the fusion protein to its post-fusion conformation. This characteristic of the F protein was used to develop an assay that demonstrated that mutation of the L/I zipper in the HeV F TM resulted in a protein that was dramatically less stable in the pre-fusion conformation. It is important to remember that the F protein must ultimately trigger and drive membrane fusion, so equilibrium must be maintained with TM-TM interactions not being too strong or too weak. The results here suggested that shifting the TM-TM interactions toward a monomeric state dramatically destabilized the pre-fusion conformation of the F protein. The proposed model suggests that TM-TM interactions are important for stability of the F protein in its pre-fusion conformation (Fig. 7) . We hypothesize that, on the other end of the spectrum, if TM-TM interactions are too strong, the F protein will not be able to trigger to the post-fusion conformation. Here we propose that TM-TM interactions could also be important in vivo and that modulation of those interactions may result in a fusion dead TM-TM interactions are important for maintenance of the pre-fusion conformation. Reduced TM-TM association results in prematurely triggered F protein, whereas TM-TM association that is too strong may prevent triggering to the post-fusion conformation. A dynamic equilibrium must therefore be maintained in order for the F protein to properly trigger for membrane fusion.
particle as a result of premature triggering of the F protein.
Together, these results suggest that TM-TM interactions serve to pin the F protein in its pre-fusion conformation, although a dynamic equilibrium ultimately allows triggering.
Beyond viral F proteins, TM-TM interactions have been shown to be important in several cellular processes. A number of studies have shown that TM-TM interactions are necessary for proper signaling of receptor tyrosine kinases, such as ErbB/ Neu receptors and EGF receptor. A recent report found that targeting the ErbB TM domain with TM domain-derived peptides could delay tumor growth (13, 46) . Additionally, the ␤-amyloid peptide, which helps mediate plaques typical of Alzheimer's disease lesions, was found to contain critical TM domain residues that contribute to ␤-amyloid peptide oligomerization (47) . The identification of a L/I zipper in the TM domain of the Hendra viral F protein may provide insight into motifs responsible for TM-TM association in cellular proteins. These studies implicate the TM domain as not just an anchor in the membrane, but more importantly as a domain essential for the function of the full-length viral F protein. When considering methods for targeting the viral F protein for therapeutic purposes, it may be reasonable to consider targeting the TM domain, as it has been shown here to contribute to pre-fusion stability and overall F protein function.
Experimental procedures
Cell lines and culture
Vero cells (kindly provided by Robert Lamb, Howard Hughes Medical Institute/Northwestern University) were maintained in DMEM (Invitrogen) supplemented with 10% FBS.
Plasmids and antibodies
Plasmids containing Hendra F or G were generously provided by Dr. Lin-Fa Wang (Australian Animal Health Laboratory) and were subcloned into pCAGGS as described (48) . The pCAGGS plasmids were transfected in Vero cells for transient expression of Hendra F or G, as described previously. All Hendra F mutants were made in pGEM using the QuikChange site-directed mutagenesis kit (Stratagene) and subcloned into the eukaryotic expression vector pCAGGS (49) . SN fused to the TM domain of glycophorin A in the pET-11a expression vector was generously provided by Karen Fleming (Johns Hopkins University) to generate the constructs described here (50) . Analytical ultracentrifugation constructs containing either the wild-type or mutant Hendra F TM domain were cloned into pET11a using XmaI and XhoI sites at the 5Ј and 3Ј ends, respectively. Constructs were sequenced to confirm sequence integrity. Anti-peptide antibodies to residues 527-539 of the Hendra F cytoplasmic tail were used to pull down F. For immunoprecipitation, mAb 5G7 was used to detect the F protein in all conformations, and the pre-fusion conformation of F was detected using mAb 5B3. Both antibodies were generously provided by Dr. Christopher Broder (Uniformed Services University of the Health Sciences).
Gel electrophoresis, Coomassie staining, and Western blotting
Protein samples were analyzed via 15% SDS-PAGE, unless otherwise noted. For recombinant protein expression, protein samples were taken pre-and post-induction to visualize protein expression via Coomassie staining. For Western blot analysis, immunoprecipitated protein was transferred to PVDF membrane (Fisher) at 50 V for 80 min. After blocking with Odyssey block buffer (Li-Cor), membranes were incubated with anti-Hendra F mouse monoclonal antibody 5G7 at a 1:3000 dilution in Tris-buffered saline with 0.05% Tween 20 (TBS-T). The membranes were washed with TBS-T and incubated with horseradish peroxidase-conjugated goat anti-mouse (light chain specific) secondary antibody (Jackson ImmunoResearch) diluted 1:10,000. The membranes were washed again with TBS-T, developed with SuperSignal West Pico Chemiluminescent substrate (Thermo Fisher), and visualized with the Bio-Rad ChemiDoc system.
Sequence analysis
The sequences of 140 paramyxovirus F proteins were aligned and analyzed. First, the TM domains were predicted with the TMHMM Server v 2.0 (51). Next, the sequences were aligned using the MUSCLE aligner (52, 53) based on similarity that is built into the Virus Pathogen Database and Analysis Resource (VIPRBRC) (53) and cross-validated by the predicted TM domain regions. Finally, the frequency of ␤-branched amino acids was calculated at each position in the aligned TM domain region and graphed.
Syncytia assay
Subconfluent Vero cells in 6-well plates were transiently transfected with pCAGGS-Hendra F and pCAGGS-Hendra G at a ratio of 1:3 using Lipofectamine and Plus reagent (Invitrogen) per the manufacturer's protocol. Syncytia formation was observed 24 -48 h post-transfection. The images were taken using a Nikon digital camera mounted atop a Nikon TS100 microscope with 10ϫ objective. The fusion index was determined for each mutant as previously described (27) . Briefly, the fusion index (f) is calculated as f ϭ [1 Ϫ (C/N)], where C is the number of cells in a field after fusion, and N is the number of nuclei.
Surface biotinylation
Vero cells (confluency 80 -90%) in 60-mm dishes were transiently transfected using Lipofectamine and Plus reagent (4 g of DNA wild-type or mutant pCAGGS-Hendra F) according to the manufacturer's protocol. 18 -24 h post-transfection, the cells were washed with PBS and starved for 45 min in DMEM deficient in cysteine and methionine. The cells were then labeled for 3 h with DMEM deficient in cysteine and methionine, containing Tran 35 S-label (100 Ci/ml; MP Biomedicals). The cells were then washed three times with 3 ml of ice-cold PBS, and surface proteins were biotinylated using 1 mg/ml EZ-Link Sulfo-NSH-Biotin (Pierce) in PBS with rocking for 35 min at 4°C followed by incubation at room temperature for 15 min. The cells were then washed two times with ice-cold PBS, pH 8, and lysed with 500 l of RIPA lysis buffer (100 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1% deoxycholic acid, 1 mM phenylmethylsulfonyl fluoride (Sigma), and 25 mM iodoacetamide (Sigma)). Cellular lysates were centrifuged at 136,500 ϫ g for 15 min at 4°C. The supernatant was removed to a 1.5-ml microcentrifuge tube, and 4 l of Hendra F C-tail peptide antibody was added and incubated for 3 h at 4°C with rocking. Proteins were then immunoprecipitated by incubating with 30 l of protein A-Sepharose beads (GE Healthcare) for 30 min. The beads were washed twice with RIPA ϩ 0.30 M NaCl, twice with RIPA ϩ 0.15 M NaCl, and once with SDS wash II (150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 2.5 mM EDTA). After the beads were washed, 60 l of 10% SDS was added, and the samples were boiled for 10 min, removed to a new tube, and repeated with 40 l of 10% SDS for a total of 100 l. Ten microliters of the supernatant was removed to analyze the total protein population. To the remaining supernatant, 30 l of streptavidin beads (Pierce) and 400 l of biotinylation dilution buffer (20 mM Tris (pH 8), 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.2% bovine serum albumin) were then added for 1 h at 4°C with rocking. Hendra F was analyzed by 15% SDS-PAGE and visualized using the Typhoon imaging system (GE Healthcare). Band densitometry using ImageQuant 5.2 was performed for each experiment to quantitate the amount of F expressed, which was reported as % expression, the sum of F 0 and F 1 , normalized to WT.
Time course immunoprecipitation
Wild-type Hendra virus F or TM mutants were transiently expressed in subconfluent Vero cells using Lipofectamine Plus (Invitrogen) as previously described. The next day cells were washed with PBS and starved for 45 min at 37°C in cysteinemethionine-deficient DMEM. The cells were then labeled for 30 min with Trans[ 35 S] metabolic label (100 Ci/ml; MP Biomedicals). At appropriate time points, the cells were washed three times with PBS and lysed with RIPA lysis buffer. Immunoprecipitation and imaging were performed as described for surface biotinylation.
Recombinant protein expression and purification
Wild-type Hendra virus F TM domain centrifugation constructs corresponding to the sequence were expressed as C-terminal fusions with staphylococcal nuclease, where the bold and underlined letters L and I below denote positions that were mutated as single point mutations, or as a four-point mutation, as indicated in Fig. 1A : VNPSLISMLSMIILYVLSIAALCIGL-ITFISFVIVEKK.
All constructs were transformed into Rosetta-Gami cells (EMD Chemicals, Gibbstown, NJ) and grown at 37°C in 2ϫ yeast extract-tryptone (YT) medium under the selection of 0.015 mg/ml kanamycin, 0.0125 mg/ml tetracycline, 0.05 mg/ml streptomycin, 0.034 mg/ml chloramphenicol, and 0.1 mg/ml ampicillin. The cultures were grown to an A 600 of 0.6 -0.8, induced for protein expression by addition of 1 mm isopropyl ␤-D-1-thiogalactopyranoside (Sigma), grown for 4 h, and harvested by centrifugation. The cells were resuspended in a 1:20 culture volume of lysis buffer (50 mM HEPES, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, pH 8.0), subjected to three freeze-thaw cycles, and incubated with 0.1 mg/ml hen egg white lysozyme for 30 min on ice. The cell lysate was then sonicated for three 20-s pulses, 5 mM CaCl 2 was added, and the solution was incubated for 30 min on ice. Insoluble protein was pelleted at 12,000 ϫ g for 10min. The supernatant was then purified using the detergent Thesit-290 (Sigma) and a single salt (1 M NH 4 OAc) extraction as described previously (19) , except using 50 mM HEPES instead of 20 mM Tris-HCl. The supernatant containing the recombinant protein was then dialyzed overnight at 4°C against lysis buffer containing 0.1 M NH 4 OAc and 0.2% (v/v) Thesit and clarified by centrifugation at 15,000 ϫ g for 15 min. The recombinant protein was purified by FPLC cation exchange chromatography using a 1-ml HiTrap SP FF column (GE Healthcare) and then exchanged into a solution containing 200 mM NaCl, 20 mM Na 2 HPO 4 /NaH 2 PO 4 (pH 7), 29% D 2 O, and Zwittergent detergent 3-(N,N-dimethylmyristyl-ammonio)propanesulfonate (C14SB) (Sigma), as previously described (19) . Protein was dialyzed using Slide-A-Lyzer MINI dialysis units (10,000 MWCO; Pierce), and the concentrations were determined by spectrophotometry, using ⑀ 280 ϭ 17,420 M Ϫ1 cm Ϫ1 .
Analytical ultracentrifugation
Sedimentation equilibrium measurements were obtained at three different rotor speeds using a Beckman XL-A analytical ultracentrifuge equipped with an An-60 Ti rotor operated at 25°C. Protein concentrations corresponding to 280-nm absorbance between 0.4 and 0.8 were utilized for determination of the best fit models. Attainment of sedimentation equilibrium was established as previously described (19) . The buffer density was matched to that of C14SB detergent ( ϭ 1.04 g/ml) using D 2 O, as described previously (19) . Data analysis was performed using KaleidaGraph (Synergy Software) and HeteroAnalysis. Molecular weights for the constructs were used as constants in the analysis. The equation for curve fitting is below,
where A represents the total absorbance of the solution at radial position(r),whereas␣ m,0 and␣ m/t,0 representthe(m)andmonomer/trimer (m/t) absorbance, respectively, as the reference radius, r 0 . The molecular mass (M m ) and partial specific volume (v) of the monomer in solution and the molecular mass for a monomer or trimer (M d/t ) as a multiple of M m were estimated using SEDNTERP. R is the universal gas constant, T is the absolute temperature, is the solvent density, is the angular velocity, and is the baseline offset. Best fit model was chosen by examining residual distribution of approximately 0, the correlation constant (R), and 2 values.
Thermal triggering assay
Subconfluent Vero cells in 60-mm dishes were transiently transfected with 4 g of either wild-type or mutant Hendra F in pCAGGS using Lipofectamine and Plus (Invitrogen) according to the manufacturer's instructions. 18 -24 h after transfection, the cells were washed and replenished with DMEM ϩ FBS at 37°C, or at 50°C. Samples treated with warmed media were then incubated in a 50°C water bath for 20 min. After heat treatment, the samples were immediately placed on ice, and the medium was replaced with ice-cold DMEM ϩ FBS. Following a 30-min incubation on ice, the cells were washed twice with ice-cold PBS and incubated with 5 g/ml mAb 5B3 in PBS ϩ 1% BSA for 2 h at 4°C to detect pre-fusion Hendra F. The cells were then washed twice with ice-cold PBS, lysed with RIPA ϩ 0.15 M NaCl, and centrifuged for 15 min at 136,500 ϫ g. The resultant supernatant was immunoprecipitated using protein G-Sepharose beads, and protein was analyzed via 15% SDS-PAGE. Hendra F was detected via Western blot analysis using mAb 5G7. The results were reported as follows.
% triggered ϭ 100 ͫ 1 Ϫ F expression at 55°C F expression at 37°C ͬ (Eq. 2)
Statistical analysis
Statistical significance for the quantitative data obtained was analyzed using the Student's t test (*, p Ͻ 0.05; **, p Ͻ 0.005; ***, p Ͻ 0.0005) with GraphPad software.
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